During cell-free experiments with membranes isolated from camation petals (Dianthus caryophillus L. cv White Sim), the conversion of 1-aminocyclopropane-1-carboxylic acid into ethylene was blocked by a factor derived from the cytosol. Subsequent characterization of the inhibitor revealed that its effect was concentration dependent, that it was water soluble, and that it could be removed from solution by dialysis and addition of polyvinylpolypyrrolidone. Activity profiles obtained after solvent partitioning over a range of pH values and after chromatography on silica gel, size exclusion gel, and ion exchange resins revealed that the inhibitor was a highly polar, low molecular weight species that was nonionic at low pH and anionic at pH values above 8. Use of selected solvent systems during paper and thin layer chromatography combined with specific spray reagents tentatively identified the compound as a hydroxycinnamic acid derivative. Base hydrolysis and subsequent comparison with known standards by high performance liquid chromatography, gas-liquid chromatography, and ultraviolet light spectroscopy established that the inhibitor was a conjugate with a ferulic acid moiety.
characterization of the inhibitor revealed that its effect was concentration dependent, that it was water soluble, and that it could be removed from solution by dialysis and addition of polyvinylpolypyrrolidone. Activity profiles obtained after solvent partitioning over a range of pH values and after chromatography on silica gel, size exclusion gel, and ion exchange resins revealed that the inhibitor was a highly polar, low molecular weight species that was nonionic at low pH and anionic at pH values above 8. Use of selected solvent systems during paper and thin layer chromatography combined with specific spray reagents tentatively identified the compound as a hydroxycinnamic acid derivative. Base hydrolysis and subsequent comparison with known standards by high performance liquid chromatography, gas-liquid chromatography, and ultraviolet light spectroscopy established that the inhibitor was a conjugate with a ferulic acid moiety.
Release of ferulic acid following treatment with al-glucosidase also indicated the presence of a glucose moiety, and unequivocal identification of the inhibitor as 1-0-feruloyl-,8-D-glucose was confirmed by gas chromatography-mass spectroscopy and by ultraviolet light, 1H-, and 13C-nuclear magnetic resonance spectroscopy. Feruloylglucose constituted about 0.1% of the dry weight of stage IlIl (preclimacteric) camation petals, but concentrations fell sharply during stage IV (climacteric), when ethylene production peaks and the flowers senesce. In a reaction mixture containing microsome-bound ethylene forming enzyme system, 98% of all ethylene production was abolished in the presence of 50 Mm concentrations of the inhibitor.
mediates the conversion of ACC to ethylene, shows reduced activity when the cell membrane is disrupted (1 1), and treatments that alter membrane structure, including Triton X-100 (2-4) and exposure to temperature extremes, also inhibit ethylene formation (9, 19, 20) . Microsomal membranes obtained from the petals of senescing carnation flowers have been shown to catalyze the conversion of ACC to ethylene (12) , and, in toto, these observations indicate that the EFE is part of a membrane-bound complex. Nevertheless, isolation of purified EFE has not been achieved, and several lines of evidence suggest that the reactions observed with microsomes in vitro are not analogous to those occurring in vivo. Principal concerns result from the low affinity of the in vitro system for ACC (13) and its poor stereodiscrimination between isomers of l-amino-2-ethylcyclopropane-l-carboxylic acid (18) . However, Guy and Kende (7) observed that vacuoles isolated from protoplasts of pea do stereodiscriminate between the isomers of AEC and yet exhibit a low Km for ACC.
During in vitro studies with the carnation microsomal system that converts ACC to ethylene, ethylene production was strongly inhibited by the WSF co-isolated from the petals (12) . Whether the microsomes function in precisely the same way as intact EFE remains unclear, but the cytosolic inhibitor previously described (10, 12) and shown to block the ACC to ethylene step in vitro may also regulate the activity of EFE in situ. In the present study, therefore, we have used a range of chromatographic techniques to isolate and identify the inhibitor and have characterized its structure using UV spectroscopy, 'H-and '3C-NMR, and MS. The effects of the isolated inhibitor on ethylene biosynthesis were also tested, and the pattern of change in concentrations of the inhibitor during opening and senescence of carnation flowers was defined.
Current evidence suggests that the conversion of S-adenosylmethionine to ethylene via ACC' is the major pathway of ethylene biosynthesis in higher plants (1) . The EFE, which amounts of ethylene produced (preclimacteric); stage IV, senescing flowers showing petal in-rolling and maximum ethylene production (climacteric); stage V, petal tips brown, ethylene production very low, flowers moribund.
Microsomal and Inhibitor Fractions
Microsomal membranes were isolated in 10 mM EPPS buffer (pH 8.5) from 50 g of petals of stage IV flowers using minor modifications of a method previously described (12 Ion Exchange Chromatography CME was adjusted to pH 2.5 and a sample applied to the head of a 1 x 10 cm glass column packed with Dowex-50, H+ form. After elution with water acidified to pH 3.0 with 0.1 M acetic acid, residue from the dried eluate was dissolved in water, adjusted to pH 9.0 with 2 M NH40H, and applied to a column of Dowex-1, OH-form, and washed with five bed-volumes of water adjusted to pH 9.0 with 2 M NH40H.
Eluates from both columns were tested for inhibitor activity. Scientific). Helium was used as the carrier gas at a flow rate of 1.1 mL min-' and the oven temperature programmed from an initial 2 min hold at 150°C to 320°C at 40 min-. Injector and detector temperatures were set at 2500 and 300°C, respectively.
UV-VIS Spectroscopy
Commercial standards and purified samples from the HPLC were dissolved in methanol in 1-mL cuvettes and absorption spectra run from 200 to 500 nm in a Perkin-Elmer Lambda UV-VIS Spectrophotometer. Spectral shifts were also compared after adding an excess of NaOH or NaOAc to the cuvettes.
Alkaline and Enzyme Hydrolysis
Three sample volumes of HPLC-purified inhibitor were combined, dried, and one drop of methanol plus 1.5 mL 2M NaOH were added to hydrolyze the residue. The vial was flushed with nitrogen, capped, and left at room temperature for 4 h. For enzyme hydrolysis, additional samples were dissolved in 0.25 mL of citrate-phosphate buffer (pH 5.0), and 10 mg of (3-glucosidase from sweet almonds (Boehringer Mannheim) were added and the mixture incubated at 37°C for 30 min. Hydrolysates were acidified to pH 2.0, the aglycone partitioned into ethyl acetate, washed 3 x with distilled water, evaporated to dryness, and identity of the aglycone verified by GLC and GC-MS.
Sugar Analysis
After partition against ethyl acetate, the aqueous fraction of the alkaline hydrolysate was passed through a 1 x 10 cm ion-exchange column packed with a 1:1 mixture of Dowex 50, H' and Dowex 1, OH-. The sugar moiety was eluted with water, chromatographed on paper in 4:1:5 BAW (v/v/v), and tentatively identified using a 1% (v/v) solution of aniline hydrogen phthalate and authentic sugar standards. For cochromatography during GLC, TMS derivatives were formed by addition TRI-SIL "TBT" (Pierce) to samples in screwcapped vials held at 60°C for 30 min before injection of l-,uL samples into a gas chromatograph as described above.
GC-MS
Purified samples were analyzed in the electron-ionization mode using an HP 5987A MS coupled to an HP 5890A gas chromatograph and an ionization temperature of 200°C, an emission current of 300 ,uA, an ionization current of 70 eV, and chromatography conditions as noted above.
NMR Spectroscopy
Spectra were obtained with a Bruker AM 250 NMR spectrometer and peak assignments established on the basis of data in reference literature and indices and by direct comparison with standards for each component of the inhibitor. To obtain the large sample sizes required for NMR analysis, eluates from the second purification run on paper were applied to Whatman preparative TLC plates and developed in ethyl acetate/isopropanol/water (65:24:1 1, v/v/v). Homogeneity of the eluted inhibitor was confirmed during HPLC and the eluate subsequently lyophilized for 12 h before dissolving the residue in hexadeuterodimethyl sulfoxide for measurement of 'H-and '3C-NMR at frequencies of 250 and 62.5 MHz, respectively.
RESULTS
An amount of crude cytosolic extract equivalent to 0.2 g fresh weight of the petals inhibited the in vitro, microsomal conversion of ACC to ethylene by 80% (Table I) . When the extract was partitioned against ethyl acetate over a range of pH values, maximum inhibitory activity in the organic phase was detected at pH 2.0 with none at pH 10.0. Large amounts Acidified CME (0.25 mL) was applied to Dowex-50 (H+ form), eluted with water at pH 3, the eluate dried, redissolved in water, and the pH adjusted to 9 and applied to Dowex-1 (OH-form). Eluates from both columns were dried and assayed. The reaction mixture contained 4 mm ACC and 100 Ag protein at final concentration. (Table III) , and UV spectra for ferulic and the aglycone were nearly identical. Although the intact inhibitor and chlorogenic acid had similar UV spectra, marked differences were observed after induction of spectral shifts following addition of NaOH and NaOAc (Table IV) . Their lack of identity was also confirmed during HPLC (Fig.  2) .
Hydrolysis Although the molecular ion of the silylated inhibitor was not observed during electron impact GC/MS, an abundant fiagment with a mass of 249, characteristic of the ferulic moiety, was observed in the spectrum. Moreover, at least 10 ions readily identified as fragments derived from the putative glucose moiety of the inhibitor were recorded on the mass spectrum. Among these peaks there were four of the five masses that characterize glucose (5), including the base peak at m/e 147. All major ions in the spectrum of the purified aglycone were identical to those from authentic ferulic acid. from a TMS residue (16) , provided additional evidence that the inhibitor was correctly identified as the glucosyl derivative of ferulic acid (Fig. 3) .
A 'H-NMR spectrum showed the presence of three aromatic protons (2'H, 7.28 ppm singlet; 6'H, 7. The inhibitor was relatively abundant in young carnation flowers and accumulated to maximum levels just prior to the climacteric-like rise in ethylene that begins in stage III of the maturation and senescence process (Fig. 4) . It constituted about 0.1% of petal dry weight (2676 nmol.g' dry weight) at stage III but then declined rapidly through stage V to levels less than one-quarter of the highest recorded values. Concentrations of free ferulic acid did not change over the same period.
During the in vitro enzyme assay, ethylene formation was essentially completely suppressed when the microsomes were incubated with ACC in the presence of 50 Mm solutions of the inhibitor or its aglycone (Table VI) Final identification of the intact molecule was obtained using '3C-NMR with J-modulation. Positive assignment of every peak produced by the inhibitor was achieved by matching chemical shifts and orientations of all peaks with known standards. The peaks were shown to be additively derived from ferulic acid and (3-glucose, and the structure thus positively identified as l-O-feruloyl-fl-D-glucose (Fig. 3) .
High levels of the inhibitor were present in presenescent carnation petals with maximum concentrations observed during stage III of flower opening and senescence (Fig. 4) . The sharp decrease in concentration that followed is a concomitant of the large peak in ethylene production that is also characteristic ofstage IV flowers (14) . We might reasonably speculate therefore that the mechanism that controls ethylene synthesis is modulated by endogenous levels of the inhibitor. That possibility is currently under investigation.
